A far-wing theory in which the validity of the detailed balance principle is maintained in each step of the derivation is presented. The role of the total density matrix including the initial correlations is analyzed rigorously. By factoring out the rapidly varying terms in the complex-time development operator in the interaction representation, better approximate expressions can be obtained. As a result, the spectral density can be expressed in terms of the line-coupling functions in which two coupled lines are arranged symmetrically and whose frequency detunings are u -^u^ + W:,^). Using the approximate values u> -U: i results in expressions that do not satisfy the detailed balance principle. However, this principle remains satisfied for the symmetrized spectral density in which not only the coupled lines are arranged symmetrically, but also the initial and final states belonging to the same lines are arranged symmetrically as well.
I. INTRODUCTION
During the last dozen years, a number of line shape theories have been formulated, primarily to calculate the far-wing absorption of molecular systems of interest in atmospheric spectra. 1 " 9 In many of these theories detailed balance which is important for times comparable to the thermal time T, where r = It/kT, or equivalently for frequency displacements AU> of the order r' 1 from the line center, is not maintained at each step in the development, rather it is enforced by ad hoc symmetrization procedures. 10 By introducing the complex-time development operator to analyze the role of the total* density matrix including the initial correlations Davies et al. 1 have derived a theory in which the principle of detailed balance is rigorously satisfied. However, due to the complexity of their formalism, the practical calculation of the far-wing absorption for molecular systems of interest is formidable. In the present study, based on a similar method we introduce a new complex-time development operator instead. This operator is obtained by factoring out the rapidly varying terms in the complex-time development operators used by Davies et al. 1 The advantage of introducing the new operator arises from the fact that its lower-order approximate expression incorporates the old one's higher-order effects. By adopting its lowest-order approximate expression, we obtain a formalism in which the symmetrically arrangement of two coupled lines and the correct frequency detunings follow naturally from the derivation. As a result, the formalism satisfies detailed balance, but still remains tractable.
In the present paper, we present the theory for the calculation of the far-wing absorption for molecular system, calculated within the binary collision and quasistatic approximations. In Sec. II A, we first briefly review the relation between the absorption coefficient and the spectral density (frequency regime) or correlation function (time regime) and their requirements so as to satisfy the principle of detailed balance. Next in Sec. H B,
we review the correlation function obtained within the framework of the theory of Davies et al. 1 including the introduction of the complex-time development operator. In Sec. II C, we discuss improvements one can make by factoring out the rapidly varying parts of the complex-time development operators. Then in Sec. II D, we treat the short-time limit of the correlation function within the binary collision approximation. The simplification resulting from the quasistatic approximation and the introduction of the line coupling functions are discussed in Sec. II E. The symmetry relations of the line coupling functions and their relationship to the principle of detailed balance, and intercomparisons between different theories are discussed in Sec. II F and G, respectively. Finally, in Sec. n H we derive the explicit form for the absorption coefficient in terms of the line coupling functions that is the starting point for numerical calculations. These calculations and further simplifications will be presented in a subsequent paper.
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II. THEORY
A. The correlation function and the spectral density
As is well known, the absorption of radiation at frequency u (cm" 1 ) by a unit volume of a gaseous sample in thermal equilibrium at temperature T is characterized by the absorption coefficient a(u):
where n a is the number density of the absorber molecule. The spectral density, F(w) is the Fourier transform of the correlation function C(t) of the dipole moment operator in the Heisenberg representation
J -0>
where p(H) is the canonical density matrix. We note that the definition of the Fourier transform in Eq. (2) is the same as that used by Davies et al. J but differs from that used in our previous papers 6 by a minus sign in the exponential. In general, the total dipole operator of the gas, /l(t), is determined by the equation (4) which can easily be solved bŷ
as long as the total Hamiltonian H is explicitly independent of time. For simplicity, in the above expressions we have dropped the Heisenberg superscript. The spectral density must satisfy the detailed balance requirement
or expressed more symmetrically
where /? = 1/kT. Equivalently, the correlation function must satisfy the condition
or more symmetrically and (12 b ) respectively. Then, with Eqs. (3), (5), (11), and (12), the correlation function C(t) can be expressed as
where the zero-time argument of the dipole moment has been dropped, p(H 0 ) = three components of H 0 commute with each other, one is able to express p(H 0 ) by the product of three components
In addition, with the fact that both of H b and V iso commute with /!, C(t) can be written as
where the subscript a indicates the trace over the absorber molecule only and the subscript b denotes the trace over the remaining variables, i.e., the bath average operation. The complex-time development operators U(z) and U^(z) are determined by the following integral equations
where
The explicit expression of U(z) is given by
where P denotes the Dyson chronological ordering operator.
It is worth mentioning that by changing the integration variables one is able to make the upper and lower integral limits more symmetric and to express U(z) as
At first, it seems unnecessary to introduce a new U'(z) instead of U(z) because the expansion in terms of U'(z) looks less compact than the expansion in U(z). However, the advantage of U'(z) lies in its approximated expression. As is well known, the exact formal expression of U(z) is used for theoretical analysis only and, in practice, in order to evaluate it some approximations have to be introduced. For example, in the above expansion of U(z) one usually truncates and keeps only first few terms. In contrast with U(z), for each term of U'(z) the n-th integration of the odd integrand over the variable z^n' is zero.
Since the integration over the variable z^n' gives a function depending on the variable z^n~ ', the above fact implies that part of the contribution from the n-th integration has already been taken into account. In the other words, U'(z) varies with its argument z more slowly than U(z) does. It is worth mentioning that the higher the expansion term of U(z) considered, the less is the fraction of the total resulting from the integrations of the corresponding U'(z) term. The reason is that for each step of the integration, only the even integrands survive. We note that an alternative way to introduce U'(z) is directly from a ' obtained in terms of the same order approximations of U'(z) and U(z), the former is closer to the exact result than the latter. Therefore, we will pursue further discussion in terms of U'(z).
D. A short-time limit of C(t) in the binary collision approximation
With Eqs. (15) and (19), the correlation function C(t) can be expressed as
The expression of C(t) given in Eq. (20) is exact and satisfies the detailed balance requirement, Eq. (8), which can be directly verified as pointed out by Davies et al. 1 For later convenience, we can introduce a symmetric correlation function C(t) defined by
It is obvious that the expression C(t) has more symmetry than C(t). Its physical advantage will be discussed later. It is easy to verify that C(t) given above is an even function. This is consistent with Eq. (9) which represents the detailed balance principle expressed symmetrically. Similarly, in the frequency domain, in comparison with F(u>), one expects that F(w), the Fourier transform of C(t), has more symmetry also.
In practice, to evaluate the complex-time development operators and to perform their bath average are formidable tasks for the system consisting of one absorber molecule and all the bath molecules. Fortunately, for atmospheric applications where the gas pressures are low one can introduce the binary collision approximation which enable one to focus on a much simpler system consisting of one absorber and one bath molecules. It is worth mentioning that the formalism obtained so far is based on the assumption that the total Hamiltonian is independent of time. However, when one adopts the binary collision approximation and the classical translational approximation discussed later and focuses on two interacting molecules, the total Hamiltonian of interest, in general, is dependent on time. Therefore, for the two-molecule system the validity of the formulas which are derived for one absorber molecule and the whole bath must be carefully checked but this is not the topic of the present study. For the short-time limit (corresponding to the far-wing region of the resonant lines of interest in the present study) we expect that the expressions of the correlation functions C(t) and C(t) given by Eqs. 
where the Liouville operator L & and L ani that act on the line space have been introduced. 6 By introducing a vector X 0 (t) defined by 
where /*y is the reduced dipole matrix elements defined by <»KI j> = (2i + 1) C(j 1 i;mj m mj p^.
In this case, the correlation function C(t) is simply a constant.
The effects of the anisotropic interaction V ani and the isotropic interaction V^ on C(t) are also clearly shown in Eq. (25). The former plays a more important role than the latter since it rotates the unperturbed vector X 0 (t) in the line space to a new perturbed vector e -1 ani A* 0 (t). Thus, the correlation function C(t) is simply a scalar product /TV . between the perturbed and the unperturbed vectors with p iso e ^ aai as its metric.
Similarly, the approximate expression for the symmetric correlation function C(t) in In this case, the scalar product of Xj(t) with its adjoint vector Xj(t) ' is given by
A similar discussion about the physical meaning of the symmetric correlation function C(t)
will not be repeated here.
Before going to the next topic associated with the translational motion, we note that both of the lowest order approximate expressions for C(t) and C(t) still satisfy the detailed balance principle given in Eqs. (8) and (9), respectively. This conclusion is easy to verify directly from Eqs. (23) and (28). Although we will not check this conclusion further in the present study, we expect that it remains true even for higher-order approximate expressions for C(t) and C(t) as claimed by Davies et al. 1 We assume that the translational motion of the two interacting molecules can be treated classically. For a specified intermolecular separation ? designated by its orientation fi and its distance r in a space-fixed frame, we express the anisotropic interaction as
where G(fi) also depends on the internal coordinates of the absorber and the perturber which span a Hilbert space for the molecules; this has not been explicitly indicated in the above notation. Since V ani (?) does not commute with H a and H b , neither does G(fl).
Therefore, one has to find its eigenvectors and eigenvalues denoted by | a> and G a , respectively,
Then, with Eqs. (23), (31), and (32) one is able to express C(t) as 
We note that Jij.i>j,(w) introduced here is nothing but so called the symmetric line Unfortunately, the lack of this step results in the failure to obtain the energetically correction factors v^/V^I introduced artificially in their energetically corrected formalism.
More recently, starting from a more symmetric form of F(w) 
combined with the more symmetric form of F(w), i.e., Eq. (55) used previously, Ma et al. 10 were able to show that the frequency detunings of the line coupling functions given in Eq.
(54) should be u; -^Wji + o^i,) instead of u -u^ and to obtain the result given in Eq.
(39). But, these authors stopped at this stage and did not discuss the role played by the frequency detunings for the validity of the detailed balance principle.
In contrast with the theories mentioned above, in the present study the validity of detailed balance is carefully checked in every step of the development. In addition, the role of the total density matrix /?(H), especially the role of the initial correlations are analyzed more rigorously. More specifically, the main procedures and advantages resulting from the present study are outlined as follows. 
The value of v is usually assumed to be I. 2 ' 3 If the anisotropic interaction and the isotropic interaction are known, at least for some simple systems (for example, C0 2 broadened by Ar), the above expression for a(u) can be used to do numerical calculations.
However, since in the above expression the arguments of the function Hp a depend on the summation indices, the direct calculation requires a lot of CPU time for more complicated systems. Therefore, some further approximations, such as the frequency detuning approximation and the band-average approximation are introduced. These will be discussed in detail along with numerical results in a forthcoming paper.
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